Gag protein oligomerization, an essential step during virus assembly, results in budding of spherical virus particles. This process is critically dependent on the spacer p2, located between the capsid and the nucleocapsid proteins. P2 contributes also, in association with NCp7, to specific recognition of the HIV-1 packaging signal resulting in viral genome encapsidation. There is no structural information about the 20 last amino acids of the C-terminal part of capsid (CA[CTD]) and p2, in the molecular mechanism of Gag assembly. In this study the structure of a peptide encompassing the 14 residues of p2 with the upstream 21 residues and the downstream 13 residues was determined by 1 H NMR in 30% trifluoroethanol (TFE). The main structural motif is a well-defined amphipathic ␣-helix including p2, the seven last residues of the CA(CTD), and the two first residues of NCp7. Peptides containing the p2 domain have a strong tendency to aggregate in solution, as shown by gel filtration analyses in pure H 2 O. To take into account the aggregation phenomena, models of dimer and trimer formed through hydrophobic or hydrophilic interfaces were constructed by molecular dynamic simulations. Gel shift experiments demonstrate that the presence of at least p2 and the 13 first residues of NCp7 is required for RNA binding. A computer-generated model of the Gag polyprotein segment (282-434)Gag interacting with the packaging element SL3 is proposed, illustrating the importance of p2 and NCp7 in genomic encapsidation.
Human immunodeficiency virus type 1 (HIV-1) has three major genes, gag, pol, and env. However, among these genes, the gag product was found necessary and sufficient for the assembly and budding of virus-like particles (VLPs).
HIV-1 Gag protein is expressed as a 55-kDa polyprotein precursor (Pr55 gag ), which is cleaved by the viral protease (PR) (Wang and Barklis 1993; Wiegers et al. 1998) to produce four major viral proteins: matrix (MA), capsid (CA), nucleocapsid (NCp7), and the C-terminal protein p6.
In Pr55 gag , the spacer peptide p2 is located between CA and NCp7. The initial cleavage by the viral protease between p2 and NCp7 yields the MA-CA-p2 intermediate, which is subsequently cleaved to produce MA and CA-p2. The cleavage between CA and p2 is a relatively late event in the viral maturation, and was shown to be critical for the formation of a normal cone-shaped core in the mature virion (Wiegers et al. 1998) . It has been shown that the region surrounding the CA-p2 junction has a crucial role in this process (von Poblotzki et al. 1993; Krausslich et al. 1995; Accola et al. 1998 ). Moreover, it was suggested that p2 could also contribute to the specific HIV-1 RNA encapsidation (Kaye and Lever 1998) . Recently, it has been shown that this domain plays important roles in the higher capacity of NCp7 to bind HIV-1 genomic RNA, in the context of minimal Pr55Gag protein (mGag) (Roldan et al. 2004) .
The molecular mechanism involved in the assembly of spherical virus particles preceding the budding process is still unresolved. MA-CA proteins alone give cylindrical particles, but addition of the 14 amino acids of p2 corresponding to the C-terminal extension of CA is enough to produce in vitro spherical particles (Gay et al. 1998; Morikawa et al. 2000) . It has been suggested that in the context of Pr55 gag , the CA-p2 junction could form an additional ␣-helix (Accola et al. 1998 ) missing in mature CA (Gamble et al. 1997; Worthylake et al. 1999) and required for the production of spherical particle. In an effort to understand the functional relationships involving CA and p2, CA(CTD)-p2, was crystallized (Worthylake et al. 1999) . Unfortunately, the domain encompassing the 12 last residues of CA and p2 is disordered in the crystal structure, preventing any valuable conclusion about the p2 peptide structure and its potential role in virus morphology. Moreover, Newman and coworkers have shown by NMR that the CA(CTD) and NCp7 domains are folded as expected, but p2 and the downstream and upstream 13 residues exist as a dynamic equilibrium of predominantly random coil, to a smaller extent, helical states in pure H 2 O (Newman et al. 2004) .
To investigate the role of p2 and surrounding sequences in particle assembly and in recognition of HIV-1 packaging signal, we have determined by NMR the solution structure of the synthetic p2B and p2C peptides (Fig. 1) in the presence of 30% TFE. Both peptides are characterized by welldefined ␣-helices called Hp2B and Hp2C regions ( Fig. 1) . Moreover, gel shift experiments show that the p2 domain could stabilize the interactions of the peptides containing the NCB domain ( Fig. 1) with the nucleic acids.
Finally, computer-generated models obtained using the present results and previously published structural data, suggest that p2 could stabilize Gag complexes through hydrophobic and hydrophilic interactions, triggering the spherical assembly of virus particles.
Results

NMR study of the p2B and p2C peptides
Initially, the two peptides p2 and p2C ( Fig. 1 ) were analyzed by 1 H NMR in 100% H 2 O. The samples gelled or precipitated whatever the pH and ionic strength. The addition of 30% TFE prevented the formation of a gel. In a second step the p2B peptide ( Fig. 1) was synthesized, and surprisingly, the NMR spectra recorded on this peptide in solution in pure H 2 O at pH 3.5 and 5.5 were amenable to assignment. The addition of 10% to 30% of CD 3 CN increased the chemical shift spreading, but decreased the quality of the NMR spectra due to a broadening of the proton signals and precipitation. These conditions did not allow a total assignment of the spectra, and the NMR conditions were optimized by adding up to 30% TFE in H 2 O and lowering the pH of the samples. This approach prevented the formation of a gel and reasonably sharp signals were obtained (Fig. 2) .
Clean-TOCSY (Griesinger et al. 1988 ) and DQF-COSY (Rance et al. 1983) experiments, recorded at 285 K, 293 K, and 303 K, were used for spin system identification, and NOESY cross signals observed at these temperatures, connecting H␣ of residue i with HN of residue i + 1 (Fig. 2) were used for sequential assignment (Wüthrich 1986) . In 100% H 2 O, only few NOEs characteristic of helical secondary structure were found for the p2B peptide: H␣16/NH19, H 2 16/H ␦ 20, H␣20/NH23, and H␥33p2/NH␦ 2 37. In the presence of CD 3 CN, an increased number of NOEs supporting the presence of a ␣-helix conformation was identified: H␣6/NH9, H␣15/NH18, H␣16/NH19, H␣17/NH20, H␣25/ NH28, H␣26/NH28, H␣31/NH34, H␣34/NH36, and H␣34/ NH37. Some medium NOEs involving side-chain protons were also observed: H 1 16/H␤18, H 1 18/H␥20, NH␦ 2 30/ H␤32, NH␦ 2 30/H␤34, H␤30/NH33, and H␥33/NH␦ 2 37. Due to the width of the resonances and their overlap, no supplementary NOEs characteristic of this secondary structure were found in these conditions. Finally, the complete secondary structure analysis of p2B and p2C was done in H 2 O in the presence of 30% TFE at pH 3.5 (Fig. 3 ). Due to the overlap of some H␣ proton resonances, additional ␣␤(i,i + 3) NOEs were collected from a 3D homonuclear NOESY-NOESY spectrum. Secondary H␣ chemical shifts, which represent the difference between the observed chemical shift and the random coil values (Wishart et al. 1991) , are given in Figure 4 . An upfield trend (i.e., negative secondary shift) for the H␣ resonances of residues suggests that this domain consists predominantly of helical structural elements. An external chemical shift reference (DSS) was used to compare the H␣ resonances of the p2B peptide to the random coil values observed in H 2 O, which have been shown to be insensitive to the solvent (Merutka et al. 1995) .
A diffusion-ordered spectroscopy (DOSY) experiment (Morris and Johnson 1992; Johnson 1999 ) was performed to determine the oligomeric state of p2B in presence of 30% TFE. DOSY spectra were recorded on 1 mM solution of p2B and Tat, another protein of HIV-1. Tat was chosen because this protein, composed of 86 amino acids (MW ‫ס‬ 9752), is nearly twice larger than p2B. The diffusion coefficients measured on the DOSY spectra ( Fig. 5 ) are 1.045 10 −10 m 2 sec −1 and 0.737 10 −10 m 2 sec −1 for p2B and Tat, respectively. In agreement with the size of the proteins, p2B has a higher diffusion coefficient. The apparent molecular mass of p2B, MW ‫ס‬ 4882, calculated from the diffusion coefficient, was compared to the mass calculated from the amino acid composition, MW ‫ס‬ 5249, and are approximately the same with a 7% difference. From those data we assume that in the presence of 30% TFE the p2B peptide is monomeric.
NMR derived 3D structures of p2C and p2B
A total of 191 and 462 interproton distance restraints were used in the structure calculation of the p2B and p2C peptides, respectively, by molecular dynamics and simulated annealing. From 50 calculated structures, 19 with the lowest total energy for the p2C and p2B peptides were selected and used for structural analysis (Table 1 ). The main structural motif is a well-defined ␣-helix, Hp2B and Hp2C in the p2B and p2C peptides, respectively ( Fig. 6A,B) .
The helical domain Hp2B presents the structural characteristics of an amphipathic helix because one face is constituted by the following hydrophobic residues: Leu21, Met25, Val28, Ala32, Met35, and Met36, and the other one by the hydrophilic amino acids: His16, Arg19, Glu23, Gln27, Asn30, Gln37, and Arg38 ( Fig. 6C ).
Analysis of peptides/SL3 and peptides/(1-415)RNA interactions by gel shift experiments
To investigate the importance of the p2C peptide fragment in viral RNA recognition and encapsidation, the ability of the peptides, p2, p2A, p2C, p2D, NCA, and NCB to interact with nucleic acids was examined by gel shift experiments ( Fig. 7) . It has already been demonstrated that NCp7 binds the SL3 stem loop of the HIV-1 ⌿ packaging domain with a high affinity (Clever et al. 1995; De Guzman et al. 1998) . The packaging domain is present in the (1-415)RNA sequence of the genomic RNA that was therefore also used to study the binding of the different peptides. Various concentrations of the p2A, p2D, and NCA peptides were incubated with a fixed concentration of (1-415)RNA ( Fig. 7A ) and p2, p2C, and NCB peptides were incubated with a fixed concentration of SL3 ( Fig. 7B ). Samples were analyzed by polyacrylamide gel electrophoresis (PAGE) and stained with ethidium bromide. Increase in the concentration of p2A or NCA with respect to the (1-415)RNA ( Fig. 7A1,A2 ) and, p2C with respect to SL3 ( Fig. 7B2 ) led to a decrease in the amount of the free (1-415)RNA or SL3 forms, due to the formation of large aggregates of peptide-DNA complexes unable to enter the gel and remaining in the wells at the top of the gel. Moreover, with lower concentrations (8.2 and 16 M) of the p2A peptide, intermediate complexes are formed ( Fig. 7A1 ). In contrast, no peptide interaction with the (1-415)RNA or SL3 was observed, even in the presence of high concentrations of p2D ( Fig. 7A3) , p2 ,or NCB peptides ( Fig. 7B1,B3 ) as shown by the lack of gel shift or aggregation of complexes in the wells.
Model of the complex formed by the Gag CA(CTD)-p2-NCp7 domain and the SL3 RNA sequence
To determine the relative position of the C-terminal part of CA and NCp7 in the Gag protein in interaction with the SL3 RNA sequence, a model of the Gag polyprotein segment, CA(CTD)-p2-NCp7, interacting with SL3 was built up. The structures of the CA(CTD) domain (except the 14 last residues), and the NCp7/SL3 complex determined by X-rays (Worthylake et al. 1999 ) and NMR (De Guzman et al. 1998) , respectively, were obtained from the Protein Data Bank (PDB) and linked on both sides of the Hp2B helix issued from the present NMR study. After minimization of the model, we noticed that the SL3 nucleic acid lies down on the p2 peptide ( Fig. 8 ) forming hydrogen bonds with the peptide, such as, H Gln27/O5Ј G301, and H␥ Thr33/OP1 U315.
Determination of the oligomeric state of p2-containing peptides by gel filtration experiments
The level of oligomerization of different peptides containing the p2 sequence, p2A, p2B, and p2D was analyzed by gel filtration. Thus, the p2B sample concentration ranging from 10 M to 1 mM was applied to a Superdex 75 HR 10/30 column (Pharmacia) and the column was developed in phosphate buffer (50 mM, pH 7.2) containing 150 mM NaCl. In each case, peptides eluted exclusively in a single peak, masses of which were estimated by comparison with the retention times of proteins of determined masses. This was achieved in the same manner for the three peptides, showing that according to the estimated mass, the eluted peaks represent very likely dimeric forms for p2A, p2B, and p2D ( Fig. 9 ). The same results were obtained when experiments were performed without NaCl in the running buffer suggesting that dimerization did not occur by electrostatic interactions. Moreover, when the column was developed in phosphate buffer containing 20% ethanol, p2A migrated as a monomer, suggesting that dimerization could occur through hydrophobic interactions.
Models of putative polymeric structures for the Hp2B helix
To understand how the p2 domain could be implicated in the aggregation process of the Gag protein and then in the formation of the viral particle, we tried to simulate the aggregation properties of the p2 domain observed in our experiments, using models generated by molecular dynamics simulations. First, to determine if the dimerization of the C-terminal domain of capsid is compatible with the hydrophobic interactions, shown by gel filtration experiments, between the two Hp2B helices, molecular dynamics simulations were done on a dimer formed with two (282-381)Gag domains, constituted by CA(CTD), p2 and the two first residues of NCp7. The four helices of the capsid corresponding to residues (282-351)Gag, were fixed during the simulation to keep them in the relative orientation observed in the crystal structure (Worthylake et al. 1999) . NMR distance restraints were used for the Hp2B domains and artificial distance restraints were added to force parallel and hydrophobic interactions between them (data not shown). To determine the stability of this model, the lowest energy structure was subjected to a 250-psec molecular dynamics at 300 K without the artificial distance restraints. The parallel hydrophobic interactions between the two ␣-helices were conserved (Fig.  10, top) . In addition, due to the amphipathic property of the Hp2B ␣-helix ( Fig. 6C) , hydrophilic interactions could also be implicated in the aggregation phenomena. Two models were therefore generated, in which two or three peptides were associated parallel to each other, with their helices forming a dimer or a trimer, through hydrophilic contacts involving the following residues: His16, Arg19, Glu23, Gln27, Asn30, Gln37, and Arg38 (Fig. 6C ). For evaluation of complex stability the models were subjected to molecular dynamics simulations at 300 K under NMR restraints either in a water box or in vacuum. Interactions between the polar faces of the ␣-helices were evidenced both for the dimer and the trimer because they are stabilized by numerous intermolecular hydrogen bonds implicating the residues: His16, Arg19, Glu23, Gln27, and Asn30 ( Table 2 ). Comparison of the interaction energies indicates a prevalence of the trimer (−117.63 ± 4.00 kcal/mol) with regard to the dimer (−45.38 ± 3.01 kcal/mol) when formed through hydrophilic faces (Fig. 10, bottom) .
Discussion
Helical structure of the Gag domain encompassing the p2 sequence
The solution structure of two synthetic Gag polyprotein segments, p2B and p2C, was determined to elucidate the crucial role played by the spacer p2 in particle assembly, and how it could contribute to the specific recognition of the HIV-1 packaging signal. For this purpose the p2 and p2C peptides were first studied by NMR in 100% H 2 O, but no interpretable spectra were obtained in these conditions because the solutions gelled, suggesting that these peptides form aggregates in aqueous solutions. Surprisingly, NMR spectra can be recorded with p2B in the same conditions. The relative flexibility of the p2B(1-9) and p2B(16-48) parts of the peptide induced by the flexible 354-GVGGPG-359 (Gly-rich region) domain seems to prevent peptide association and, consequently, the formation of large aggregates. Few NOEs suggesting that this peptide has the propensity to adopt an ␣-helix conformation were found. Addition of CD 3 CN in the aqueous solution of p2B induced precipitation of the peptide and increased the width and the chemical shift range of the resonances when compared to experiments in pure H 2 O. In these conditions, the proton linewidth was too large to allow a complete interpretation of the NMR spectra, but a higher number of NOEs supporting the presence of an ␣-helix was identified. In light of these results, 30% TFE was incorporated in the final study of the peptides because it is well known that TFE reduces intermolecular hydrophobic interactions and stabilizes ␣-helices only in regions where a high propensity for helix formation exists (Dyson et al. 1988; Gooley and MacKenzie 1988; Nelson and Kallenbach 1989; Blanco et al. 1994) . Diffusion measurements show that in these conditions the p2B peptide is monomeric (Fig. 5) . Moreover, the N-terminal domain of NCp7 ([382-393]Gag) does not exhibit any ␣-helical conformation despite the presence of 30% TFE in the sample. This is consistent with previous studies showing that this (Worthylake et al. 1999) , is colored in purple, the NCp7 is dark blue, and the SL3 RNA is purple in the NCp7/SL3 complex determined by NMR methods (De Guzman et al. 1998 ). The structure of the (8-21)Hp2B and (22-35)Hp2B segments belonging to CA(CTD) and p2 domains, determined in this study, are colored, respectively, in green and magenta. Residues involved in the cleavage sites by the protease are in orange. region adopts an ␣-helical conformation in 90/10 H 2 O/D 2 O only when the NCp7 protein is involved in a complex with a nucleic acid (De Guzman et al. 1998 ). On the contrary, the (1-7) segment in the p2B peptide, which forms an ␣-helix in the native CA protein (Worthylake et al. 1999) , has a propensity to adopt an ␣-helical structure in the presence of TFE (Fig. 6C ) in the p2B peptide. Although positive secondary shifts were observed for the H␣ resonances, the (1-7) segment seems to adopt a very flexible ␣-helix structure as shown by weak NOEs observed on the spectra.
Role of the NCp7 in virus particle assembly
Gag multimerization in vitro seems to be potentiated by NCp7, through strong interaction of the nucleoprotein with viral RNA (Roques et al. 1997; Dawson and Yu 1998; Wang et al. 1998 ). Some results have suggested that residues within the HIV-1 p2 domain contribute to a relatively specific recognition of its own HIV packaging signal (Kaye and Lever 1998) , and that the region encompassing the ␣-helix in the (359-381)Gag segment increases the affinity of NCp7 for HIV-1 genomic RNA (Roldan et al. 2004 ). Our results are consistent with these data because gel shift experiments demonstrate that the p2C peptide binds to SL3 (Fig. 7B2 ) but the isolated p2 ( Fig. 7B1) or NCB (Fig. 7B3 ) peptides do not. We have also observed an increased capacity of NCA to bind (1-415)RNA when this domain is enclosed in the p2A peptide (Fig. 7A1) . Considering that the NCB domain adopts a helical conformation when it binds nucleic acids (De Guzman et al. 1998) , we could argue that the well-defined ␣-helix formed by the p2 domain promotes the formation of the NCB helix when the p2C peptide in-teracts with nucleic acids. Residues within the p2 domain could also contribute to the interaction with the RNA.
Formation of spherical particles
Virus assembly starts at the cell surface with the clustering of roughly 2000 Gag proteins and the two genomic RNA strands, and the radial organization of the immature HIV particle was revealed by cryo-electron microscopy (cEM) (Wilk et al. 2001) . The molecular organization of the Gag protein and derivatives was studied in VLPs by negativestain electron microscopy and by cEM (Campbell and Vogt Figure 9 . Size-exclusion chromatography: A Superose 75HR 10/30 gel filtration column was calibrated by using a series of standard proteins: ribonuclease A (13.7 kDa), chymotrypsin (25 kDa), ovalbumin (43 kDa), and albumin (67 kDa). Upon gel filtration, a linear relationship (y ‫ס‬ −0.3282 x + 1.6782, r 2 ‫ס‬ 0.994) was evidenced between logMW and K av . The apparent molecular weight (MW) of p2A, p2B, and p2D was determined in different conditions of concentration (from 1 to 10 M) in phosphate buffer containing or not 150 mM NaCl. In all cases, the observed MW corresponds to the double MW of analyzed peptides. Dimer is formed through hydrophobic interactions between the ␣-helices. This model has been obtained after two series of molecular dynamics simulation, in which the (282-351)Gag domains have been maintained in the relative orientations observed in the crystal structure. For each run, NMR distance restraints have been used to preserve the Hp2B ␣-helices. Artificial distance restraints have been added to force parallel, hydrophobic interactions, only in the first step of the molecular dynamic simulation. The residue Ala1p2 (366 in Gag) probably implicated in the interaction with PA-457 is in pink. (Bottom) Stereo view of a trimeric structure model formed by interactions between the hydrophilic faces of the Hp2B ␣-helices obtained during a 250-psec dynamics at 300 K under NMR restraints. Hydrophilic residues are in blue and the hydrophobic ones in red. The residue Ala1p2 (366 in Gag), which interacts with PA-457, is in pink. 1997; Barklis et al. 1998; Gross et al. 2000; Kingston et al. 2000; Li et al. 2000; Zuber and Barklis 2000; Ehrlich et al. 2001; Wilk et al. 2001; Yu et al. 2001; Nermut et al. 2002; Mayo et al. 2003) . All the results indicate the presence of a regular hexagonal network of rings formed by six subunits of Gag proteins or truncated derivatives Kingston et al. 2000; Li et al. 2000; McDermott et al. 2000; Zuber and Barklis 2000; Nermut et al. 2002) .
It was reported that Gag/Gag interactions could drive polymerization, and that Gag dimers Ma and Vogt 2002; Larson et al. 2003) or trimers (Morikawa et al. 2000) could be used as building blocks for assembly of the virus particle. These results and assumptions are supported by the 3D structures of CA and MA from HIV showing that the two proteins are respectively dimeric (Momany et al. 1996; Gamble et al. 1997; Berthet-Colominas et al. 1999 ) and trimeric in the crystal structures (Rao et al. 1995) and in solution (Gamble et al. 1997; Morikawa et al. 1998) . Moreover, electron microscopy of cells, expressing various Gag truncated fragments, has shown that the absence of the p2 domain results in the production of cylindrical particles instead of spherical virions (Gross et al. 2000; Morikawa et al. 2000) .
In the present study, molecular dynamics simulations based on our structural results show that the high flexibility of the Gly-rich region allows a proximity between the p2 domains, despite the size of the CA(CTD), and it seems that hydrophobic p2/p2 association is consistent with the CA/ CA dimer formation (Fig. 10, top) , found in the crystal structure. Molecular simulations have shown that a trimer formed through hydrophilic interactions between three Hp2B domains is very stable (Fig. 10, bottom) . An hypothesis to explain the crucial role of p2 in the spherical particle production can be drawn out. Two Gag proteins associated through their MA-CA domain to form a dimer could be locked through interactions between the hydrophobic faces of their Hp2B domains (Fig. 1) . Aggregation between MA-CA-p2 dimers could then be triggered by interactions between three MA on one hand and by isotropic interactions between the p2 domains through their hydrophilic faces on the other hand, resulting in a radial organization of the virion (Fig. 11) . The regions at the CA-NC junctions are important in virus assembly and particle size regulation in many other retroviruses. Mutational analyses revealed that the Rous sarcoma virus (RSV) CA-SP region (in RSV, CA and NC are separated by another cleavage product, e.g., spacer peptide [SP]) is critical in the regulation of virion particle sizes; deletions in this region caused the formation of virions with heterogenous sizes (Krishna et al. 1998 ). The amino acid sequence at the C-terminal region of murine leukemia virus (MLV) CA, (there is no spacer peptide at the end of CA), has a stretch of 41 amino acids rich in charged residues. Mutations on this motif can drastically disrupt the normal process of particle assembly (Cheslock et al. 2003) .
The ability of the Hp2B region to adopt an ␣-helical structure appears to be crucial during assembly because replacement of residues by Gly and Pro that are predicted to disrupt the ␣-helical conformation, leads to the formation of aberrant budding structure and prevents virus production (von Poblotzki et al. 1993; Krausslich et al. 1995; Accola et al. 1998; Wiegers et al. 1998; Gross et al. 2000; Morikawa et al. 2000; Liang et al. 2002) . Moreover, substitution of the hydrophilic residues His16/Ala, Arg19/Ala, and Glu23/Ala on one hand, and the mutations of the hydrophobic residues Ala18/Val, Leu21/Ala, and Met25/Ala on the other hand, which probably prevent intermolecular hydrophilic or hydrophobic interactions, respectively, eliminate virus production. These mutations impede Gag multimerization and thus prevent the formation of large Gag complexes at wild-type levels (Liang et al. 2002) .
Protease processing
The HIV-1 protease catalyzes the cleavage of a limited number of sites in the Gag and Gag-Pol precursors (Pettit et al. 1991; Henderson et al. 1992) . The long ␣-helical structure adopted by the Hp2B domain includes the cleavage site between CA and p2 (Figs. 1,7) corresponding to the last Figure 11 . Theorical arrangement of the dimers and trimers of p2. This illustration is a schematic representation of the projection images of his-HIVCA-p2-nc11 obtained from 2D crystals of membrane-bound proteins (Mayo et al. 2003) . The trimers of MA and consequently, trimers of p2, formed through hydrophilic interactions, are represented by three ovals of the same color. Arrows indicate interactions between two CA(CTD) domains and between two p2 ␣-helices through their hydrophobic interface. This representation underlines the ability of p2 to be implicated both in hydrophobic and hydrophilic interactions, consistent with the results of this study. proteolysis event. The capacity of p2 to form multimers could induce a steric hindrance for the accessibility of the protease to this cleavage site, and might explain why the cleavage of CA-p2 is a relatively late event in the viral maturation. Moreover, the ␣-helical structure of Hp2B is probably stabilized when p2 multimerizes, while the protease optimally binds residues in extended conformation prior to hydrolysis (Gustchina et al. 1994; Weber et al. 1997 ). Our model is in good agreement with recently published results concerning the 3-O-(3Ј, 3Ј-dimethylsuccinyl) betulinic acid (PA-457), a novel HIV-1 inhibitor. PA-457 induces a defect in Gag processing, preventing the conversion of P25 (CA-p2) to P24 (mature CA protein), but has no effect on the processing of the mutant Gag (Ala1p2: 366Gag)Val (Li et al. 2003) . In p2B, 366Gag (Fig. 1) is not localized on the hydrophobic or hydrophilic faces of the ␣-helix, and does not seem to be involved in the aggregation properties of p2. This residue is then accessible to PA-457 for interaction. It seems that the prerequisite formation of the ␣-helix is required for the Gag/PA-457 interaction, because PA-457 appears to block P25 processing only in the context of a higher ordered structure (Li et al. 2003) in which the Gag/Gag interactions could induce the formation and/or the stabilization of the Hp2B ␣-helix.
Conclusion
Our results suggest that the well-defined amphipathic ␣-helix p2 increases the helix-forming tendency of both the CA C-terminal and NCp7 N-terminal domains during Gag/Gag associations on the one hand, and during the interaction with the HIV RNA genome on the other hand. The p2 ␣-helix would take part in oligomerization of the Gag polyprotein and stabilization of the spherical form of polymerized Gag in the early step of virus budding. Moreover, we have shown the importance of p2 in viral RNA recognition because it increases the capacity of NCp7 to bind RNA. The next step would be to use these results and similar studies to design compounds able to prevent the oligomerization of Gag proteins and thus to possibly prevent virus assembly.
Materials and methods
Preparation of peptides and DNA
All the peptides used in this study were obtained by automated solid phase synthesis using the FMOC strategy and then purified by reversed-phase HPLC, using procedures already reported for the production of other retroviral proteins (de Rocquigny et al. 1991) . The peptides were analyzed by mass spectrometry and confirmed to have a purity higher than 98%. SL3 DNA sequence (202-GACTAGCGGAGGCTAGAA-399) was purchased from oligo express (France). HIV-1 (1-415)RNA was obtained from pmCG6 plasmid, using a Ribomax large-scale RNA production system T7 (Promega) and then purified on a 7% urea-polyacryl-amide gel. RNA concentration was determined by UV measurement using 260 ‫ס‬ 10,800 M −1 cm −1 .
Gel mobility shift experiments
SL3 DNA or HIV-1 (1-415) RNA were heat-denaturated at 368 K for 2 min to disrupt aggregates and chilled on ice prior to use. Nucleic acid/peptide interactions were initiated by incubation for 15 min at 310 K in 20 L of a buffer containing 25 mM Tris-HCl (pH 7.5), 80 mM NaCl, 0.1 mM MgCl 2 . The amount of DNA or RNA, 4.5 × 10 −11 mol or 3.3 × 10 −12 mol per assay, respectively, was kept constant, and increasing concentrations of peptides, from 1.1 up to 44.6 M, were added. Reactions were stopped by addition of 1 L of 20% glycerol containing 0.01% bromophenol blue. SL3 or (1-415)RNA/peptide complexes were analyzed as described by native 7% or 5% polyacrylamide gel electrophoresis in 100 mM Tris Borate buffer (pH 8.0), respectively (De Rocquigny et al. 1992) . The gels were run at 75 V and 277 K for 1 h 30 min and stained with ethidium bromide. The bands were visualized with a Polaroid MP-4 Land Camera on a Bio-Profil imager (Vilber Lourmat).
Gel filtration chromatography
To estimate the apparent molecular weight (MW) of p2A, p2B, and p2D, peptides were subjected to gel filtration on a FPLC Superdex 75HR 10/30 column in H 2 O at different concentrations (from 10 M to 1 mM). Samples (150 L) were run on the column after equilibration in phosphate buffer (50 mM NaHPO 4 , pH 7.2) containing or not 150 mM NaCl at 0.4 mL/min. Standard proteins used to calibrate the column were ribonuclease A (stoke radius Rs ‫ס‬ 16.4 Å, MW ‫ס‬ 13,700, K av ‫ס‬ 0.313), chymotrypsinogen A (Rs ‫ס‬ 20.9 Å, MW ‫ס‬ 25,000, K av ‫ס‬ 0.251), ovalbumine (Rs ‫ס‬ 30.5 Å, MW‫ס‬ 43,000, K av ‫ס‬ 0.144), albumin (Rs ‫ס‬ 35.5 Å, MW ‫ס‬ 67,000, K av ‫ס‬ 0.098) (low molecular weight gel filtration calibration kit from Amersham Pharmacia Biotech) and (12-53)NCp7 (MW ‫ס‬ 6419, K av ‫ס‬ 0.467). Gel filtration data are presented either as elution volumes or as the molecular sieve coefficient, K av , a parameter calculated as (V e − V 0 )/ (V t − V 0 ), where V e represents the elution volume corresponding to the peak concentration of a peptide, V 0 is the void volume of the column, and V t is the total volume of the gel bed. The void volume was determined by measuring the elution volume with blue dextran. The apparent molecular weight of the different peptides was determined graphically on a K av versus logMW plot constructed with the above-mentioned standard proteins. Spectrophotometer recordings were performed at 280 nm.
Sample preparation and NMR spectroscopy
The p2, p2B, and p2C peptides were dissolved at pH 3.5 or 5.5 in the presence or not of 200 mM of NaCl, in pure H 2 O or in water containing either 10% to 30% CD 3 CN or 30% trifluoroethanol-d2 (TFE) (SDS) to give a final concentration of about 1 mM. 2D phase-sensitive 1 H Clean-TOCSY (Griesinger et al. 1988 ) with a 70-msec spin lock, DQF COSY (Rance et al. 1983) , and 100-msec and 200-msec mixing times NOESY experiments (Kumar et al. 1980) , were recorded at 285 K, 293 K, and 303 K on an AVANCE Bruker spectrometer operating at 600.14 MHz without sample spinning with 2 K real points in t2, with a spectral width of 6000 Hz and 512 t1-increments. Pulsed-field gradients (Piotto et al. 1992) were used for water suppression. The data were processed NMR structure of HIV-1 (345-392)Gag domain www.proteinscience.org 383 using XWINNMR software (Bruker). A /6 phase-shifted sine bell window function was applied prior to Fourier transformation in both dimensions (t1 and t2). A 3D NOESY-NOESY experiment was performed on the p2B peptide sample. This experiment was used to spread out the signal in a third dimension (t3), and thus to assign overlapping signals in 2D spectra. The water resonance was suppressed by low-power presaturation during the relaxation delay of 1.2 sec and during the NOESY mixing times. Data were collected with 128, 160, and 1024 real points in the t1, t2, and t3 dimensions, respectively, with eight scans per FID. The mixing times were 200 and 100 msec for the two NOESY parts of the 3D experiments. The temperature was externally controlled using a special temperature control system (BCU 05 bruker).
The diffusion-ordered NMR spectroscopy (DOSY) spectra (Morris and Johnson 1992; Johnson 1999) were acquired at 293 K using a 5-mm triple resonance xyz-gradient probe head which delivers a maximum gradient strength of 50 G/cm on p2B (MW ‫ס‬ 5249), and Tat (MW ‫ס‬ 9752). The strength of the gradient pulses, of 3 msec duration, was incremented in 16 experiments, with a diffusion time of 100 msec and a longitudinal eddy currents delay of 5 msec. The water resonance was suppressed by low-power presaturation during the relaxation delay of 2 sec. All the spectra were processed using XWINNMR (Bruker). A /6 phase-shifted sine bell window function was applied before the Fourier transformation (FT) and a baseline correction was then conducted after the FT.
The relationship between molecular mass (M) and diffusion coefficient (D) is given by
where k is the Boltzmann constant, T is the temperature (293 K), is the viscosity of the solvent (30% TFE/70%H 2 O) (1.606 × 10 −3 N s m −2 ) (Schuck et al. 1998 ). Values of 0.73 × 10 −3 m 3 kg −1 , and 1.133062 × 10 −3 m 3 kg −1 were used for the partial specific volume, 2 and 1 , of the p2B peptide and H 2 O, respectively. ␦ 1 is the fractional amount of water bound to the molecule (Cantor and Schimmel 1980) , generally in the range of 0.3-0.4 g H 2 O per gram of protein for most proteins. In our conditions (30% TFE/ 70%H 2 O) TFE molecules bind the peptide, because we have observed a helix stabilization, instead of H 2 O molecules. So in this study we used a value of 0.3 for ␦ 1 . A value of 1.0009095 was calculated for the shape-factor, F (Dingley et al. 1994 ) using equation 2. F = ͑1-p 2 ͒ 1ր2 ր͑p 2ր3 ln͕͓1 + ͑1-p 2 ͒ 1ր2 ͔րp͖͒
(2)
F is expressed in terms of the axial ratio p (p ‫ס‬ b/a, with b being the equatorial radius and a being the semiaxis of revolution) (Yao et al. 2000) , a and b were calculated from the superposition of the 19 p2B structures calculated by restrained simulated annealing.
NMR structure of the p2B NOE cross-peak volumes (NOESY, 200-msec mixing time, 293 K) were converted into distances, semiquantitatively, by counting contour levels. Using the Asn-␤H geminal protons as the calibration peak, NOEs signals were classified into six categories with upper distance limits ranging from 2.5 Å to 5 Å. Pseudoatom corrections were added when necessary. Calculations were performed with the Discover/NMRchitect software package from Accelrys, with the Amber forcefield using a dielectric constant, ‫ס‬ 4r, to diminish in vacuo electrostatic effects. Fifty initial structures were generated for p2B and p2C using simulated annealing, followed by energy minimization, until a maximum gradient value of 0.1 kcal/mol/Å was obtained. The 19 structures that had the lowest total energy and number of NOE restraint violations had the RMSD calculated on their mean helix backbone, and were then used for the final structural analysis (Table 1) .
(282-381)Gag dimer model and flexibility of the (354-GVGGPG-359)Gag motif Molecular dynamic simulations were done on the dimer formed with two (282-381)Gag domains. The two (282-351)Gag domains have not been allowed to move during the simulation. They were fixed to maintain them in their relative position observed in the crystal structure. NMR distance restraints were used to maintain the two Hp2B ␣-helices, and artificial distance restraints were added to force hydrophobic interactions between them in a parallel orientation. The dimer was minimized using 1000 steps of steepest descent, followed by 1000 steps of conjugate gradient and then subjected to a 250-psec molecular dynamics at 300 K with ‫ס‬ 4r. All dynamics were carried out with a time step of 1 fsec. The coordinates were saved every 5 psec. A second series of molecular simulation with the same conditions was performed on the lowest energy of the previously generated structures, without the restraints used to make the two Hp2B helices close to each other.
Models of intermolecular Hp2B interactions
One initial dimer and trimer of Hp2B were constructed to interact through their hydrophilic faces. The two models were either placed in the center of a periodic boundary condition box filled with water molecules or in vacuum, with ‫ס‬ 4r to diminish electrostatic effects, or ‫ס‬ 80. The models were minimized using 1000 steps of steepest descent, followed by 1000 steps of conjugate gradient. Then each structure was subjected to a 250-psec molecular dynamics at 300 K, under NMR restraints for the Hp2B ␣-helix.
Protein Data Bank accession number
The coordinates of the best calculated simulated annealing structures of p2B as well as the NMR restraints have been deposited in the Brookhaven Protein Data Bank, accession number 1U57.
